Background and aims Due to the production of large amounts of tannins and phenolics by Rhizophora mangle, it was hypothesized that the invasion of this mangrove species in salt marshes due to global warming will result in changes in the cycling of carbon and nitrogen. Methods Leaf litter and/or seedlings of R. mangle were placed into 1-m 2 experimental plots in a Distichlis spicata-dominated salt marsh on the Atlantic Coast of central Florida (USA). An additional litter decomposition experiment was conducted in all plots by adding litter bags containing 10 g of dried D. spicata shoot litter. Seedling growth was measured yearly. One and four years after the start of the experiment, soil samples were collected to determine physical and chemical soil conditions, potential nitrification and denitrification activities and abundances of genes that are related to microbial processes in the nitrogen cycle.
Introduction
Being at the fringe of terrestrial and marine ecosystems, mangrove-dominated wetlands have high biogeochemical, ecological and economical values (Valiela et al. 2001) . The northern and southern boundaries of the distribution of coastal mangroves are directly related to the frequency of frost periods (Chen and Twilley 1998; Stuart et al. 2007) . As a result of global warming, the range of mangroves is expected to expand north-and southward resulting in the encroachment of mangroves into salt marshes (Bianchi et al. 2013; Saintilan et al. 2009; Saintilan et al. 2014) . The migration of mangroves into salt marshes has led to substantial increases in the aboveground biomass and belowground carbon storage (Kelleway et al. 2016) . Shifts in the latitudinal distribution of mangroves will result in changes in patterns and rates of nutrient cycling (Doughty et al. 2016 ) even though the growth of herbaceous salt marsh species may be stimulated by global warming more than mangroves (Coldren et al. 2016) .
Nitrogen is the major limiting nutrient in many mangrove forests (Feller et al. 2003) . Hence, efficient nitrogen utilization is a key survival strategy. Several nutrient conservation strategies may be developed by mangroves, such as a high nitrogen resorption efficiency in senescent leaves and high tannin levels (Kandil et al. 2004; Lin et al. 2010) . Mangroves, and in particular species from the Rhizophoraceae, contain large amounts of tannins (Basak et al. 1999; Hernes et al. 2001; Hernes and Hedges 2004) and the release of tannins has large ecological implications (Kraus et al. 2003) . The binding of proteins (Maie et al. 2008 ) will be specifically important during the diagenesis of mangrove leaves when significant amounts of proteins are leached (Benner et al. 1990 ). The tannin-protein complexes are recalcitrant against microbial degradation and may therefore serve as a long-term source of nitrogen in mangrovedominated wetlands (Maie et al. 2008) . In this way, tannins will repress the loss of inorganic nitrogen from the ecosystem. For example, the rate of aerobic nitrification, which is the key process in the biogeochemical nitrogen cycle converting the immobile ammonium ion into the mobile nitrite and nitrate ions, is often more than one order of magnitude lower in mangroves than salt marsh soils (cf. (Purvaja et al. 2008) . The formation of complexes between tannins and exo-enzymes, which are involved in the degradation of organic polymers, will slow down the cycling of these polymers in mangrove soils, which may lead to increased carbon sequestration rates (Bianchi et al. 2013) . In contrast to mangroves, tannins in salt marsh grasses are unlikely to be a significant component of humic substances (Alberts et al. 1988) . We hypothesized that the expansion of mangroves into salt marshes will impact the cycling of inorganic nitrogen and carbon and consequently the rates of primary production, decomposition, carbon storage in the soil, pore water chemistry and soil-based microbial activity.
The goal of our project was to study the effects of the invasion of mangroves, specifically Rhizophora mangle, on the dynamics of carbon and nitrogen in a Distichlis spicata-dominated salt marsh. We mimicked the migration of mangroves by transplanting seedlings of R. mangle into a D. spicata-dominated salt marsh at Merritt Island National Wildlife Refuge (Brevard County, Florida, USA) and measured growth-related variables each year for a period of four years. We also included senesced R. mangle leaves (i.e. litter) into the experimental design. We determined additionally the effects of R. mangle seedlings and litter on D. spicata litter decomposition, on potential rates of nitrification and denitrification, and on the abundance of selected genes that are known to be involved in nitrogen cycling (Regan et al. 2017 ): Archaeal and bacterial amoA (ammonia oxidation), nxrB (nitrite oxidation), nirK and nirS (nitrite reduction), norB (nitric oxide reduction), nosZ (nitrous oxide reduction) and nifH (nitrogen fixation). Changes in the microbial community involved in nitrogen cycling will be reflected by changes in the abundance of genes.
Material and methods

Description of the study site
In March 2011, we established 28 plots of 1 m 2 each in a salt marsh at Merritt Island National Wildlife Refuge (28 o 42'31.58^N, 80 o 44'16.16^W, Brevard County, Florida, USA). The 2-ha site was dominated by an almost monospecific stand of Distichlis spicata. The ecotone between the salt marsh where the experiment was conducted and the open water consisted of a narrow mangrove fringe with Avicennia germinans and Laguncularia racemosa and an understory of predominantly Batis maritima. Rhizophora mangle was only present at the border between the ecotone and open water. The first plot was established in the salt marsh approximately 50 m from the mangrove-dominated ecotone. We established the remaining 27 plots at least 10 m from each other along a random line that proceeded toward the interior of the salt marsh. There were no elevation differences between the plots and the wetland was only tidally inundated during monthly high tides and storm tides. Four treatments (Control -C; Litter -L, Seedling -S, Litter plus seedlings -LS) were randomly distributed among the plots and there were seven replicates of each treatment. For C plots, we cut all the shoots of D. spicata at the soil surface and placed the material back onto the plot. Most of the stems and leaves were dead at the moment we installed the plots, but some living stems were present as well. For L treatment plots, we removed all above-ground D. spicata and replaced it with 300 g of dried R. mangle leaf litter, an amount of litter that is representative of natural stands of R. mangle in the region (Twilley et al. 1986 ). Senescing leaves were hand-picked from R. mangle trees and air dried before they were added to the plots. S plots were established by cutting and placing back above-ground D. spicata and then planting four equally spaced R. mangle seedlings in each plot. Prior to planting them in the S and SL plots, the R. mangle seedlings had been collected in the Indian River Lagoon near Ft. Pierce, Florida and grown for about one year in plastic tubes that had been filled with peat and placed in the water immediately adjacent to a natural stand of R. mangle near the Smithsonian's Marine Station at Ft. Pierce. At the time of planting, the height of each seedling was measured along with the total length (cm) of each lateral branch. The number of leaves on each branch was also counted. LS plots were treated similar to the L plots except that four equally spaced R. mangle seedlings were planted in each plot. The treatments were repeated yearly in March. Representative pictures of the four treatments are shown in Supplementary Fig. 1 .
Soil sampling
In March 2012 and 2015, corresponding to one and four years after the start of the experiment, soil samples were collected from each experimental plot. In 2012, three soil cores (3.9 cm diameter and 10 cm long) were taken from each plot using an aluminum sampling tube that was sharpened at one end. The cores were immediately stoppered, placed on ice and returned to the laboratory. In 2015, three larger soil cores (5.2 cm diameter and 15 cm long) were collected from each plot, stored in plastic bags on ice and transferred to the laboratory. Since the salt marsh had been burned (as described in more detail below) in March 2015, one week before our sampling campaign, we collected 3 additional soil samples from seven plots (hence 21 extra soil samples in total) in the salt marsh in an area that was located between our first study plot and the ecotone described above. This non-burned area was floristically similar to the area where the 28 experimental plot were located (i.e. an almost monoculture of D. spicata).
In the laboratory, one of the three cores was used for sampling pore water by transferring it into a plastic sandwich bag that was then sealed. A ceramic soil sipper (Rhizon soil moisture samplers: Model 12.01.SA, Eijkelkamp, Giesbeek, The Netherlands) was inserted through the plastic bag into the core and connected to a 50-ml syringe. Pulling and fixing the plunger of the syringe created a continuous negative pressure created to collect pore water. Collection of pore water using this technique occurred at room temperature in the laboratory and the process took from 1 to approximately 5 h to obtain a sample that was large enough for the analyses described below. The pore water was first analyzed for salinity with a hand-held salinity refractometer (VEE GEE Scientific, Inc. Kirkland, WA, USA) and pH with an Oakton 510 Series pH meter. Pore water was then refrigerated and taken to Utrecht University for further analysis of ammonium-N, nitrate-N, and phosphate-P on a Skalar AutoAnalyzer (Skalar, Breda, The Netherlands). Of the other two cores collected from each plot, only the top 5 cm was used for further analyses. The volume and wet weight of both 5-cm core segments were used to calculate bulk density. The material from this pair of cores from each plot was pooled, roots and coarse plant parts were removed, and the soil was thoroughly mixed and split into five subsamples (a-f) of 20 g fresh weight each. Subsample (a) was used to determine soil moisture and total nutrient content. After determining fresh weight, samples were dried at 105°C for 24 h and re-weighed. The dried soil was stored and taken to Utrecht University for analysis of Total N, Total P, and Total K after digestion with a modified Kjeldahl approach (Bremner and Mulvaney 1982) . Subsample (b) was extracted with 50 ml 1 M KCl for determining extractable ammonium, nitrate and phosphate. Extracts were refrigerated, transferred to Utrecht University and analyzed on a Skalar AutoAnalyzer (Skalar, Breda, The Netherlands). Subsamples c -f were used for determining the potential nitrification and denitrification activities (see below). In March 2015, an additional subsample of 15 ml was freeze-dried in plastic Greiner tubes and stored for analyses of tannin-like compounds and quantification of genes that are related to the nitrogen cycle.
Determination of total phenolics, total tannins and hydrolyzable tannins To investigate the effects of the treatments four years after the start of the experiment, total phenolics and total tannins and hydrolyzable tannins were determined in soil samples collected in March 2015. Total phenolics (TP) were determined by using a small modification of a method described by (Asami et al. 2003; Morita 1980; Northup et al. 1995) . The concentration of total phenolics was determined at 760 nm with tannic acid as a standard and the extraction solution without the chromogenic reagent as a blank. The total tannins content was determined according to a method described by (Adamczyk et al. 2008 ). Both total phenolics and total tannins are presented as milligrams of tannic acid equivalent (TAE) per gram soil. The amount of hydrolyzable tannins in each sample was determined by using a slightly modified version of the method described by (Adamczyk et al. 2008; Hartzfeld et al. 2002) . Methyl gallate was used as standard. Results are presented as milligrams of methyl gallate equivalent (MGE) per gram soil.
Seedling growth
Plots were visited in the second week of March each year to measure the height of each seedling (cm), the total length (cm) of all branches on each seedling, and the number of leaves that had been produced on each branch. Plant height (cm) was measured as the distance between the soil surface at the base of the stem to the highest point on the main stem. Annual branch growth of each seedling was calculated as the total length of all branches in one year minus the total length of all branches the previous year. Annual leaf production was determined by counting the number of leaves that were produced on each plant annually. To obtain a measurement of total leaf production per plant, the number of new leaves of each branch was determined each year. At the time of each sampling, we used indelible ink to mark the abaxial surface of the two terminal leaves on each branch. A year later, the number of leaves that had developed beyond the two leaves that had been marked was counted. The process was repeated each year for each shoot on each plant. This method for measuring annual leaf production on mangrove branches has been previously described (Feller et al. 2003) . We also recorded the number of individual prop roots that emerged from the stem of each seedling at the time of each visit.
When we returned to the site to make measurements in March 2015, we found that the area had been burned by staff of the US Fish and Wildlife Service that manages the site. All of the plants were dead but almost all of them were intact, except that they had lost their leaves. We examined each plant and took height and branch measurements on all plants that had not been damaged (i.e., lost branches or the terminal shoot had not been destroyed). As a result, growth data for the last year of the study only includes plant height, branch length, and prop root data. Interestingly, we later learned from a Smithsonian colleague (L. Simpson, personal observation) who had visited the site two weeks prior to our visit that there had also been a frost that had killed all of the leaves on the plants.
Decomposition of Distichlis spicata litter
In March 2011, D. spicata litter (mostly dead stems) was collected from the study site and dried at 40°C for 48 h. We placed 5 g of dried litter into sausage-like, nylon litter bags (2 cm diameter, 15 cm long) of 2 mm mesh size. In March 2012, each of the 28 plots received 2 litter bags that were placed on the soil surface and held on place with two U-shaped metal pins. The litter bags were then covered with D. spicata (C and S treatments) or R. mangle litter (L and LS treatments). One litter bag was retrieved from each plot in June 2012 and the second in March 2014. In March 2013, we repeated the experiment with the original, dried D. spicata litter and placed another litter bag in each plot. Those litter bags were recovered in March 2014. After retrieving the litter bags, litter was removed from the bags, dried at 40°C for 48 h and subsequently weighed. Litter weight losses were calculated after 12, 52 and 104 weeks of incubation in the plots.
Determination of potential nitrification activities
Potential nitrification activities (PNA) were determined at room temperature in the dark in slurries of 20 g fresh weight soil mixed with 50 ml of a commercial salt solution (Instant Ocean Blacksburg, VA) enriched with 1 mM ammonium, according to the protocol of Belser and Mays (Belser and Mays 1980) , as modified by Verhagen and Laanbroek (Verhagen and Laanbroek 1991) . Salinities of the mineral media were adapted to the pore water salinity of each individual sample. Measurements were performed within 16 h after collection of the soil samples and the activities were followed for 12 h with 2-h sampling intervals. At each time interval, 1.0 ml of slurry suspension was centrifuged for 10 min at 5000 rpm, the supernatant was stored at −20°C and transferred frozen to Utrecht University, where the concentrations of nitrite plus nitrate were determined on a Skalar AutoAnalyzer (Skalar, Breda, The Netherlands). The linear production of nitrite plus nitrate over time was taken as a measure of the potential nitrification activity. In a parallel series, the potential activity measurements in slurries were performed in the presence of allylthiourea (ATU), a known inhibitor of mainly bacterial ammonia oxidation (Taylor et al. 2013; Taylor et al. 2010 ).
Determination of potential denitrification activities
Samples (20 g fresh weight) for determination of potential denitrification activities were added to 100-ml screw-cap bottles. Each bottle was flushed with N 2 on ice and then capped with a screw cap that contained a rubber septum. Bottles meant for determining actual (i.e. non-amended) potential denitrification activities received then 20 ml of water with the same salinity as the soil pore water of the respective sampling plot. Bottles targeted to measure amended potential denitrification activities received 20 ml of saline water enriched with 22 mM glucose, 49 mM sodium acetate and 14 mM sodium nitrate. By adding 9 ml of acetylene to the capped bottles, denitrification was inhibited at the level of nitrous oxide reduction. Bottles were incubated at room temperature in the dark and gas samples were collected after 1 and 4 h of incubation and stored in 12-ml vacutainers (Labco, Buckinghamshire, UK). Changes in nitrous oxide concentrations were determined by gas chromatography (Agilent, Amstelveen, The Netherlands) at Utrecht University.
DNA extraction
Total genomic DNA was extracted by using 0.2 g of freeze-dried sample that was homogenized in 1 ml cetyltrimethylammonium bromide (CTAB) buffer in MP Lysing Matrix tubes (MP Biomedicals, Santa Ana, California, USA), subjected twice to disruption by beadbeating at a 5.0 m/s rotation for 60 s, and incubated at 37°C for 30 min in the presence of 5 μl proteinase K (20 mg/ml), while vortexing every 15 min. The samples were supplemented with 150 μl of 20% sodium dodecyl sulfate (SDS) solution and incubated at 65°C for 1 h in a thermoblock and vortexed every 15 to 20 min. After centrifugation at 10,000 X g for 10 min., approximately 500 μl the supernatant was collected and directly added to the lysis buffer of the Maxwell®16 (Promega, Fitchburg, Wisconsin USA) DNA Tissue extraction kit. Quantity and quality of soil DNA was established by a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific, Waltham, EUA) and stored at −80°C for qPCR of functional genes.
Quantitative PCR assays for functional genes
Quantitative PCR (qPCR) of functional genes was performed using an QIAgility automated pipettor (Qiagen, California, USA) and a Rotor-Gene 6000 qPCR Detection System (QIAGEN, Hilden, Germany). The following primer sets were applied for the different genes: Archaeal amoA: Arch-amoAF (Francis et al. 2005 )] /AOA_amoA_175Brev (Laanbroek et al. 2017 ); bacterial amoA: amoA-1F (Stephen et al. 1999 )] /amoA-2R (Rotthauwe et al. 1997) ; nrxB: nxrB169f/ nxrB638r (Pester et al. 2014) ; nirK: F1aCu/R3Cu (Throback et al. 2004) ; nirS: cd3aF/R3cd (Throback et al. 2004) ; norB: norB2F/norB6R (Casciotti and Ward 2005) ; nosZ: nosZ2F/nosZ2R (Henry et al. 2006) ; and nifH: IGK3/DVV (Gaby and Buckley 2012) . The PCR reactions were performed in 20 μl volumes containing 10.0 μl SYBR® Green Master Mix (Bio-Rad Laboratories, Hercules, CA, USA), 5 μl of a 10 times diluted extract of soil DNA, 0.5 μl of bovine serum albumin (10 mg·ml
) and 1 μl of each primer (0.25 μM). The qPCR temperature profiles were as follows: 5 min at 95°C, 40 cycles of 20 s at 95°C, 20 s at the primer set-dependent annealing temperatures, 20 s at 72°C, and 15 s at 82°C. The primer set-dependent annealing temperatures of the archaeal amoA gene, the bacterial amoA gene, the nxrB gene, the nirK gene, the nirS gene, the norB gene, the nosZ gene, and the nifH gene were 58°C, 58°C, 56°C, 57°C, 57°C, 56°C, 60°C, and 58°C, respectively. Fluorescence was read during each cycle at 82°C. All samples and genes were analyzed in duplicate.
High amplification efficiencies of 95-105% were obtained for all genes with R 2 values 0.97-1.00 and slopes from −3.0 to −3.4. No-template DNA was involved in each qPCR assay as a negative control. Product specificity was confirmed by melting curve analysis and visualization in 1.0% agarose gels. No significant inhibition was found in the DNA extracts.
Statistical analyses
Statistical analyses on plant growth parameters, litter decomposition figures, and soil related data were performed with the IBM-SPSS software package version 23 (IBM Corp. Armonk, NY). Before the analyses started, outliers detected as extreme values (i.e. > 1.5 x Interquartile Range) in SPSS boxplots were removed from the data. The number of outliers was generally small. The distribution of the remaining data was tested for normality and homoscedasticity of residuals by Wilk-Shapiro and Levene's tests, respectively. In case of normal distribution of the data significant differences between means were established by a univariate analysis of variance based on a general linear model. When the data, even after log 10 transformation, did not meet the requirements for normality and homoscedasticity of residuals, the differences between groups were analyzed with the non-parametric KruskalWallis and Mann-Whitney tests. Correlation between factors was tested with a Spearman's rank order analysis.
To investigate how the abiotic soil factors affected the distribution of the genes, a single predictive model was fitted for each gene at all experimental plots, assuming a different environmental response for different genes. Next, ecological niche-modelling was performed, which consisted of a generalized linear model for the generalization of a multiple regression model that uses the so-called link function to accommodate response variables (Austin et al. 1990 ). As a variable selection criteria the stringent rule called LASSO (least absolute shrinkage and selection operator) penalty was adapted, which performs both variable selection and regularization to provide a more accurate and interpretable model (Osborne et al. 2000) . This rule shrinks any coefficient to zero that did not increase the model fit (r 2 ) nor decrease the Akaike Information Criteria (AIC), and therefore avoids over fitting. This procedure allowed standardized regression coefficients that determined the influence of the environmental variable on each gene. Finally, a cluster analysis with these coefficients was performed to investigate which genes responded similarly to the environmental factors. Our analysis was performed in R using the packages mvabund (Wang et al. 2012) , pvclust (Suzuki and Shimodaira 2006) and ComplexHeatmap (Gu et al. 2016) .
Results
Soil characteristics and nutrients
The treatments had little effect on most of the soil parameters (Table 1) . On the contrary, the differences between the samples collected in 2012 and 2015 were generally more pronounced than the differences between treatments (Table 1) . Significantly lower bulk densities, salinities, total soil nitrogen, and extractable nitrate were found in 2015, whereas significantly higher pore water pH values, soil C/N ratios, pore water ammonium, extractable ammonium, pore water phosphate and extractable phosphate were observed in 2015. Differences between years appear to be most likely due to between-year salinity values. It could well be that all these significant differences are associated with more heavy rainfall in the period before the sampling campaign in March 2015 that introduced fresh water in the salt marsh. Based on meteorological data from the nearby NOAA weather station on Merritt Island (NCEI; https://gis.ncdc.noaa.gov/maps/ncei/summaries/monthly), the total precipitation in the three winter months preceding the collection of soil samples in 2015 (i.e. DecemberFebruary) was twice as much compared to the same period of time in March 2012 (172 vs. 87 mm, see also Supplementary Fig. 2 ).
The obvious effect of increased fresh water on most measured soil characteristics and nutrients became also apparent when we analyzed the data using the Spearman rank order correlation analysis. Based on that analysis, all soil factors except total soil carbon and nitrogen were significantly correlated with salinity (Supplementary  Table 1 ). Salinity was positively correlated with dry bulk density, pore water nitrate, and extractable nitrate, and negatively with soil moisture content, pore water pH, soil C/N ratio, pore water ammonium and phosphate, and extractable ammonium and phosphate. Total soil carbon and nitrogen were significantly and positively correlated with soil moisture content. While total tannins and hydrolyzable tannins were only significantly correlated with total soil carbon and moisture content, total phenolics were significantly correlated with bulk density, soil moisture content, salinity, total soil carbon, soil C/N ratio, pore water nitrate and extractable phosphate (Supplementary Table 2 ).
Rhizophora mangle Seedlings growth
Annual increases in plant height, branch growth and numbers of leaves produced annually were significantly higher in plots that had both seedlings and R. mangle leaf litter (SL treatment) (Fig. 1, Supplementary Table 3a) . Hence, the presence of R. mangle leaf litter stimulated the growth of the seedlings. The increase in mean plant height was significant (p < 0.05) for each period of 12 months (Supplementary Table 3b ). The same was true for the average numbers of leaves, but for a shorter period (i.e. March 2012 -March 2014). The mean annual branch growth became only significant in 2014 (Supplementary Table 3b ). Since few plants had produced prop roots during the first four years of the study, it was only possible to compare these 
Potential nitrification activities
Whereas there were no significant effects of treatments on potential nitrification activities after one year (i.e. in 2012), there were significant treatment effects after four years (Table 2 ). There were also significant effects between years, with the lowest rates in 2015 (Table 2) . Irrespective of the absence or presence of the nitrification inhibitor allylthiourea (ATU), the potential nitrification rates in the plots with R. mangle leaf litter were significantly (p < 0.05) higher compared to plots with R. mangle seedlings. In 2015, there was no significant difference in potential nitrification rates in soil samples collected from the burned control plots compared to the non-burned edge of the salt marsh (Table 2) .
Potential nitrification activities in the absence and presence of ATU were significantly and positively correlated with soil moisture content and total soil nitrogen, but negatively with pore water pH, pore water and extractable ammonium and with pore water phosphate (Supplementary Table 3 ). In the absence but not in the presence of ATU, potential nitrification activities were significantly and positively correlated with salinity and negatively with soil C/N ratio. In 2015, i.e. the only year in which polyphenolic compounds had been measured, no significant correlations were observed between potential nitrification activities and total amounts of tannins and phenolics.
Potential denitrification activities
Significant differences in potential denitrification rates were measured one year after the start of the treatments, but the nature of the effect was dependent on the absence or presence of added carbon and nitrate (Table 2) . In 2012, non-amended soil samples from the plots with only R. mangle seedlings had significantly higher potential denitrification activities than the soil samples from the control plots. Amended soil samples from the plots with only R. mangle leaf litter had significantly higher potential denitrification than samples from the plots with R. mangle leaf litter plus seedlings. In 2015, Table 2 The effects of treatments on potential nitrification (PNA) and denitrification activities (PDA) measured in a Distichlis spicata salt marsh one (2012) and four (2015) years after the starts of the treatments. PNA had been measured in the absence or presence of the inhibitor allylthiourea (ATU). PDA had been measured in the absence (non-amended) or presence of added glucose plus acetate (carbon-amended). Different upper-case letters in the column BYear of sampling^mean significant differences (p < 0.05) between the sampling years. Different lower-case letters in a row indicate significant differences (p < 0.05) between treatments within one sampling year non-amended soil samples from the plots with R. mangle leaf litter had higher potential denitrification rates than the samples from the control plots, whereas no significant differences between treatments were observed in the amended samples. Again, potential denitrification rates in samples collected from the burned control plots in 2015 were not significantly different from the potential activities in samples from the nonburned area (Table 2) . No significant differences in potential denitrification activities were observed between 2012 and 2015.
Potential denitrification activities in non-amended samples were not significantly correlated with any of the soil characteristics and nutrients, while the potential denitrification rates in amended samples were significantly and negatively correlated with pore water pH and with pore water ammonium (Supplementary Table 1 ). No significant correlations were found between potential nitrification and denitrification rates (Supplementary Table 1 ).
Abundances of nitrogen cycle-related genes
Abundances of genes that related to the nitrogen cycle were determined in soil samples collected in 2015 from the experimental plots and plots in the non-burned area. The abundance of the bacterial amoA gene (Table 3) was significantly higher in the soil samples from the plots with only seedlings compared to the samples from the plots with R. mangle leaf litter and seedlings. There was a lower abundance of the archaeal amoA and nosZ genes in soils collected in unburned plots compared to the control plots of the experimental series.
Several significant correlations were observed between abundances of genes and abiotic soil characteristics (Supplementary Table 2 ). The archaeal amoA gene was negatively correlated with dry bulk density and with total soil nitrogen. The bacterial amoA gene was positively correlated with soil moisture content, total soil carbon, total soil nitrogen and with total phenolics. The nirK gene was negatively correlated with soil moisture content, total soil carbon, total soil nitrogen, extractable ammonium, total tannins, and with hydrolyzable tannins. The nirS gene was negatively correlated with salinity, whereas the norB gene was positively correlated with soil moisture content, total soil carbon, total soil nitrogen, extractable phosphate, total tannins, and with total phenolics, but negatively with salinity. The nosZ gene was positively correlated with pore water nitrate, but negatively with soil moisture content, extractable ammonium, and with hydrolyzable tannins. The nxrB gene was negatively correlated with dry bulk density, while the number of the nifH gene was positively correlated with total soil carbon, extractable ammonium and phosphate, and with hydrolyzable tannins.
There were several significant correlations between the abundances of genes and the potential nitrification and denitrification rates (Supplementary Table 5 ). The Table 3 The effects of treatments on the abundances of genes (log 10 number g −1 dry soil) related to the nitrogen cycle determined in a Distichlis spicata salt marsh four years after the starts of the treatments. Different lower-case letters in a row indicate significant differences (p < 0.05) between treatments within one sampling year archaeal amoA genes was positively correlated with the rates of potential nitrification in the absence and presence of the inhibitor ATU, and with the amended potential denitrification activity. The abundance of the nirK gene correlated negatively with the amended potential denitrification activity, while the nirS gene correlated positively with the potential nitrification activity in the absence and presence of the inhibitor ATU. The norB gene was positively correlated with the potential nitrification activity in the presence of the inhibitor ATU, but not in the absence of ATU. The nxrB gene correlated positively with the potential nitrification activity in the absence and presence of ATU, and with the amended potential denitrification activity. The bacterial amoA and the nifH genes did not correlate with any of the measured activities.
To unravel the set of environmental factors that govern the distribution of the nitrogen cycle-related genes, a cluster analysis was performed in a standardized coefficient table obtained after the generalized modeling of genes distribution. Fig. 3 shows that two clusters of genes were separated by two soil factors, i.e. total soil carbon and total soil nitrogen.
The abundance of the nirS gene did not cluster with one of these gene clusters. The genes of the clusters were differently related to these soil characteristics. The gene abundances within cluster C1, containing the archaeal amoA, the bacterial amoA, the norB, and the nifH genes, were positively affected by total soil nitrogen and negatively by total soil carbon. The genes within cluster C2, i.e. nirK, nosZ and nxrB, had the opposite relationship to the same soil factors. Although less clear than with total soil carbon and nitrogen, the clustering of genes also relates to their response to changes in soil moisture. Whereas the genes of cluster C1 were negatively affected by this environmental variable, the genes of cluster C2 positively associated with changes in the moisture fraction.
Discussion
Our four-year experiment with additions of Rhizophora mangle leaf litter and seedlings in a Distichlis spicata dominated salt marsh showed only a few significant effects on general soil variables and on processes related to the carbon and nitrogen cycle. The decomposition of D. spicata litter was inhibited by the combined addition of mangrove litter and seedlings and there were several significant effects on the potential nitrification and on the ammonium concentrations after 4 years. The treatments also had no effect on the abundance of genes associated with nitrogen cycling. There were, however, significant differences between years for soil-related variables and these differences were likely due to differences in precipitation in the months preceding sampling. Since the experimental plots had been burned two weeks before we sampled the plots in March 2015, we also sampled soils from non-burned areas within the D. spicata-dominated vegetation to look for possible effects of burning on the soil characteristics. With the exceptions of pore water nitrate and phosphate, and of total tannins and hydrolyzable tannins, which were all higher in the unburned area, we found no significant effects of burning. With respect to the abundance of genes, only the archaeal amoA and the nosZ gene were significantly different between burned and unburned area. So, it is likely that burning two weeks prior for sampling did not significantly affect the soil physical, chemical and microbial characteristics in the experimental plots.
An unanticipated but strongly significant effect was the higher growth rate of R. mangle seedlings in experimental plots where D. spicata litter was annually replaced by senesced R. mangle leaves. There are at least two logical explanations for this seedling response. First, even though mangroves are known to resorb nutrients prior to leaf abscission (Killingbeck 1996; Lin et al. 2010) , recently senesced mangrove leaves leach soluble organic compounds (e.g. sugars, organic acids and proteins) and inorganic nutrients (nitrogen and phosphorus) during the initial stages of decomposition (Cundell et al. 1979; Hossain et al. 2014) . Before the soluble forms of nutrients were lost from the system or immobilized, the mangrove seedlings could have taken them up. Mangrove seedlings have been shown to have a positive response to nutrient additions (Naidoo 1990 ) and our results suggest that under field conditions, the seedlings were able to compete with microbes for the available nutrients. Hence, the significantly higher growth rate of seedlings in plots with mangrove leaf litter compared to seedlings in plots with D. spicata litter (compare c and d in Supplemental Fig. 1 ) provides evidence that the senesced leaves were the source of nutrients that supported seedling growth. However, a relative shortage of available nutrients as a cause of lower growth rates of the seedlings in the plots with D. spicata litter may be less likely considering the amount of biomass present in these plots. Although we did not measure annual litter production in the D. spicata-dominated wetland where the experiment was conducted, similar wetlands in the south-eastern coast of the USA produced 485-1162 g m −2 dry weight of litter (median value 893) (Howard et al. 2016; Lonard et al. 2013) , thereby exceeding the amount of 300 g m −2
dry weight of senescent R. mangle leaves that we added yearly to the experimental plots. A second factor that could have influenced seedling growth was a change in microclimatic conditions at the soil surface caused by the replacement of D. spicata litter by R. mangle leaf litter (compare c and d and a and b in Supplementary Fig. 1 ), although moisture content and salinity did not significantly differ between the treatments with the different litter types. Experimentally thinning of an Avicennia germinans-dominated forest led to rapid changes in the microclimate of a coastal wetland (Guo et al. 2017) , but this outcome is hard to compare with ours since the design of the experiments was different. Instead of planting mangrove seedlings into a salt marsh, Guo and colleagues (Guo et al. 2017 ) thinned an existing forest with mature trees of 1-2.5 m high.
There was significantly less weight loss of D. spicata litter in plots with R. mangle leaf litter plus seedlings compared to the control treatment. The smaller negative effects of R. mangle leaf litter or seedlings alone on the decomposition of D. spicata were not significant. It seems that both plant components reinforced each other (Fig. 2) . Leaves and roots of R. mangle contain high amounts of tannins (Kraus et al. 2003) , which are released during the decomposition (Hernes et al. 2001; Lin et al. 2006) . Tannins also actively repress exo-enzymes that are involved in the decomposition of organic matter such as D. spicata litter (Kraus et al. 2003; Maie et al. 2008 ) and hence may have been responsible for the observed lower decomposition rates.
The fact that significant responses of the soil variables to the experimental conditions were virtually absent may have been the result of the sampling regime Changes in soil conditions resulting from the addition of fresh litter each year may have occurred, as shown by the results of the seedling growth data but the effects of litter addition in the soil might have been short-lived and were not observable in most soil and pore water variables a year after litter addition. Lee and colleagues (Lee et al. 2008) showed large seasonal changes in pore water biogeochemistry and microbial soil metabolisms in a Belizean dwarf R. mangle habitat, which was attributed to seasonal changes in rainfall. Gonzalez-Acosta and colleagues (Gonzalez-Acosta et al. 2006 ) observed seasonal changes in the microbial community of an Avicennia germinans forest soil at Baja California Sur, Mexico, which was mostly driven by changes in seawater temperature. These latter studies show the existence of high temporal dynamics in the biogeochemistry and microbial communities in mangrove soils. Hence, changes in soil characteristics and microbial pathways due to treatments may have been missed during our once per year sampling regime. However, it remains surprising that we did not detect changes in the abundance of genes that are related to the nitrogen cycle. As changes in DNA composition are known to last for a longer period of time in soils, the microbial community involved in nitrogen-cycling did apparently not respond to the treatments.
We found few significant effects of the addition of R. mangle leaf litter and seedlings on total tannins and phenolics in the soil, even though plants in the Rhizophoraceae have been shown to contain large quantities of both compounds (Basak et al. 1999; Hernes et al. 2001; Hernes and Hedges 2004) . The absence of significant effects in total tannins and phenolics was most likely due to the large variation in concentrations observed between replicates, but may also imply that tannins and phenolics from the treatments were rapidly degraded when entering the soil environment or that they disappeared immediately by self-aggregation or by co-precipitation with sediment particles (Maie et al. 2008) . During a leaching experiment with submerged, senescent R. mangle leaves in a tropical estuary, a 30% loss of measurable tannins was observed in a period of less than 4 weeks (Hernes et al. 2001) . Although selfaggregation of tannins seems to be limited at salinities above 15 PSU and co-precipitation of tannins with sediment particles is repressed by the presence of peat (Maie et al. 2008) , phenolics and tannins leaked from R. mangle leave litter may have easily disappeared within an annual sampling regime.
Since inhibition of the microbial process of nitrification by tannins has often been reported (Baldwin et al. 1983; Lodhi and Killingbeck 1980; Olson and Reiners 1983; Rice and Pancholy 1973) we expected that the addition of tannin-rich R. mangle leaf litter and seedlings (including roots) would affect the rate of nitrification in the experimental plots. The lack of almost any effect of the presence of leaf litter and seedlings on nitrification may have been due to a fast disappearance of the tannins and phenolics. However, the role of tannins in the inhibition of nitrification has been questioned before (Kraus et al. 2004 ) as inhibition of nitrification could also be due to immobilization of ammonium, for example when low molecular weight tannins serve as carbon source (Fierer et al. 2001) .
Another remarkable observation with respect to the nitrification rates that were measured, is the effect of the presence of allylthiourea (ATU). At the level of 100 μM, ATU is known to inhibit bacterial ammonia oxidizers (Taylor et al. 2013; Taylor et al. 2010) . We observed on average inhibition percentages of 51 and 3% in March 2012 and 2015, respectively, meaning that the process of nitrification in D. spicata salt marsh soils was performed for a large part by archaeal ammonia oxidizers. In general, archaeal ammonia oxidizers are better adapted to conditions of low oxygen availability, low pH and lower amounts of ammonium than bacterial ammonia oxidizers (Hatzenpichler 2012; Prosser and Nicol 2012) . In line with this, the potential nitrification rates without or with ATU correlated significantly and positively with the soil moisture content (Supplementary Table 1 ), which may reflect higher rates at lower oxygen availabilities. The same potential nitrification rates correlated significantly, but negatively with soil pH and with ammonium availability, meaning higher rates at lower pH values and lower ammonium concentrations. Finally, the potential nitrification rates in the absence and presence of ATU correlated significantly and positively with the log 10 abundance of the archaeal amoA gene, but not with the bacterial amoA gene (Supplementary Table 5 ). In contrast, the potential nitrification rates in tidal Spartina-dominated salt marshes correlated positively with the abundance of the archaeal amoA gene and of the bacterial amoA gene (Moin et al. 2009 ). Moin and colleagues concluded that pH and salinity, but not pore water nitrogen, regulated the abundance of archaeal but not the bacterial ammonia oxidizers in Spartina salt marshes, while the abundance of the bacterial amoA gene did not correlate with any of the measured soil factors.
With an average archaeal to bacterial amoA ratio of 0.31 over all treatments including the controls, the bacterial ammonia oxidizer slightly outnumbered the archaeal ammonia oxidizers. In the unburned areas that were sampled in 2015, the ratio was smaller (0.11) mostly due to lower numbers of archaeal ammonia oxidizers. In Spartina salt marshes, the abundance of archaeal ammonia oxidizers was generally larger than of their bacterial counterparts. Archaeal amoA genes outnumbered the bacterial amoA genes in tidal Spartina-dominated salt marshes in southeastern Connecticut by a median factor of 35 (Moin et al. 2009 ) or 7 (Bernhard et al. 2015) . The ratio of archaeal and bacterial amoA genes in the top 5 cm of an S. alterniflorainvaded coastal wetland in the Jiulong River estuary in the Fujian Province, China, amounted to 2 (Zhang et al. 2013) . However, the number of observations on archaeal to bacterial amoA ratios in salt marsh soils is low and in addition too close to one to draw conclusions on differences between Distichlis-and Spartina-dominated salt marshes with respect to the dominance of either ammonia oxidizer.
Like the abundance of the archaeal amoA gene, the abundance of the nxrB gene, which is a key gene of nitrite-oxidizing bacteria that codes for the nitrite oxidoreductase (Pester et al. 2014; Vanparys et al. 2007 ), was significantly and positively correlated with potential nitrification rates, irrespective of the absence or presence of the inhibitor allylthiourea. This suggests a potential chain of microorganisms involved in the process of nitrification: nitrite-producing archaea and nitrite-consuming bacteria. However, the abundance of the nxrB gene was also significantly and positively correlated with the amended potential denitrification activities. The abundances of the nirS and the norB gene, which are commonly known as being involved in the process of denitrification, were significantly and positively correlated with the potential nitrification activities, but not with the potential denitrification activities. While the presence of the nirS gene has not been reported in genomes of ammonia-oxidizing microorganisms, the norB gene is also present in some ammoniaoxidizing bacteria (Junier et al. 2010) . Hence, it is not possible to connect each gene to solely the process of nitrification or denitrification.
The abundances of different nitrogen cycle-related genes are also mutually correlated. A cluster analysis of gene abundances superimposed on a clustering of soil characteristics and potential activities showed a clustering of the archaeal and bacterial amoA genes together with the nifH and norB genes on one side, and the nxrB, the nirK and the nosZ gene on the other side, and this clustering seems to be governed by the total amounts of soil carbon and soil nitrogen. If the amoA genes and the nxrB gene are supposed to be coupled with the process of nitrification, then the opposite behavior of the amoA and nxrB genes is hard to explain. The same holds for the Bdenitrification^genes nirK, norB, and nosZ. One of the obvious reasons is that genes within a cluster do not necessarily belong to one cluster only (Schreiber et al. 2012) . The nirK and the norB genes for example are not only involved in the process of denitrification, but also in the process of nitrification. Another reason may be that processes become uncoupled. The process of nitrification for instance may be interrupted under conditions of oxygen limitation when nitrite-oxidizing bacteria may be repressed while ammonia oxidation is still going on (Laanbroek and Gerards 1993) . Under such conditions nitrite-reducing microbes such as denitrifiers could use the nitrite produced. In all this, however, it should be kept in mind that the presence of certain genes does not have to correlate with the measured prevailing conditions, it may just be a legacy of conditions occurring in the past.
Conclusions
The hypothesis that a northward invasion of salt marshes mangroves, a process that is occurring due to warming climatic conditions (Bianchi et al. 2013; Comeaux et al. 2012; Gabler et al. 2017) , will affect the carbon and nitrogen cycling should at least partly be rejected as we found no effects of treatments on nitrogen-converting pathways. Neither did we find any changes in the abundance of nitrogen cycle-related genes in response to the experimental treatments. However, growth of R. mangle seedlings was stimulated by leaf litter, demonstrating an increased availability of nutrients in R. mangle leaf litter compared to mangrove-free D. spicata litter. In addition, decomposition of that litter was lower in the presence of R. mangle leaf litter and seedlings, which is likely due to the release of tannins from the leaf litter and roots of R. mangle.
Hence, the invasion of R. mangle in D. spicata-dominated salt marshes could lead to accumulation of carbon in the soil. The reason for the absence of an effect of R. mangle leaf litter and seedlings additions on the nitrogen-converting activities and related genes may be due to the fact that salt marshes are generally already nitrogen-limited (Valiela and Teal 1979) . Due to differences in tissue chemistry between mangroves and graminoids with a notably higher C:N ratio in the first group, expansion of mangroves into salt marshes will result in an increase of the soil nitrogen content (Henry and Twilley 2013) . In addition, differences between the nutrient content of soils in salt marshes and in sites that are being invaded by mangroves will likely initially be small and concealed by the high input of allochthonous deposition of sediments from both natural and anthropogenic disturbances (Henry and Twilley 2013; Perry and Mendelssohn 2009) . These confounding factors make it difficult to clearly explain the absence of a treatment effect on the nitrogen cycle-related genes as observed in our study. In addition, whereas the measurements of plant growth and litter decomposition in litter bags reflect time-integrated rates over a period of at least 12 months, the measurements of nitrogen processes and their related genes show only snapshots in time that do not necessarily exhibit actual activities over a longer period. In a follow-up study, it may be better to determine the expression of genes and not merely their presence, and when possible more frequently in time.
A non-intended outcome from the gene analyses were the various results that suggest the major role of ammonia-oxidizing archaea in the process of nitrification in the D. spicata salt marsh soil: (1) Only the archaeal amoA genes and not the bacterial amoA genes correlated significantly with the potential nitrification activities, (2) the potential nitrification activities were significantly correlated with environmental factors that promote archaeal ammonia oxidizers, i.e. high soil moisture content, low pH and low amounts of ammonium, and (3) the presence of the bacterial nitrification inhibitor allylthiourea had only a marginal effect on potential nitrification activities. The dominant role of archaeal ammonia oxidizers in the D. spicata salt seems to confirm the nitrogen-limited nature of this marsh.
